Unclassified 


AD-A225  979 


ELECTS | 

AUG21 1990  j 


rATlON  PAGE 

lib  RESTRICTIVE  MARKINGS 


form  Approved 
OMB  No  0704  01 88 


2b.  DECLASSIFICATION /DOWNGKADINTJHhHOULE 


J.  DISTRIBUTION  / AVAILABILITY  OF  REPORT 

Approved  for  public  release;  Distribution 
unlimited 


4  PERFORMING  ORGANISATION  RtPuW  number! 

GL-TR-90-0205 

6d  NAME  OF  PERFORMING  ORGANIZATION  I  6 

Geophysics  Laboratory 

6c.  AOQRESS  (Cry,  Sf  ate,  and  Z/P  Code) 

Hanscom  AFB 

Massachusetts  01731-5000 


5  MONITORiNG  ORGANIZATION  REPORT  NUMBER(S) 


6b  OFFICE  SYMBOL  J  7a  NAME  OF  MONITORING  ORGANIZATION 
(if  applicable)  I 


7b  ADDRESS  (C/fy,  State.  and  /IP  Code) 


8a  NAME  OF  FUNDING /SPONSORING 
ORGANIZATION 


8b  OFFICE  SYMBOL  9  PROCUREMENT  INSTRUMENT  IDENTIFICATION  NUMBER 
(If  applicable) 


WORK.  UNIT 
ACCESSION  NO 


8c.  ADDRESS  (City.  State,  and  ZIP  Code)  10  SOURCE  OF  FUNDING  NUMBEKS 

PROGRAM  1  PROJECT  I  TASK  IWORKu 

ELEMENT  NO  NO  NO  ACCESSit 

61102F  2310  G8  05 

11  TITLE  (Include  Security  Clarification) 

Design  Considerations  for  Polarimetric  Radars  to  Measure  Backscatter  from 
Hydrometeors 

|  12  PERSONAL  AUTHOR(S) 

James  S.  U^sailis*,  James  I.  Metcalf 

'  13a  TYPE  OF  REPORT  Il3b  TIME  COVERED  1 A  DATE  OF  REPORT  {Year,  Month,  Day)  IlS  PAGE  COUNT 

Reprint  from _ to _  1990  August  21  12 

16  ^ymEMFNTARY  notation  *UssailisEngineer ing ,  24  O'Donnell  Drive,  Florence.  MA  01060 
-Reprinted  from  Proceedings  of  the  Polarimetric  Technology  Workshop,  Volume  1, 

Part  2,  pp  245-258 


14  DATE  OF  REPORT  (Year,  Month,  Day)  15-  PAGE  COUNT 

1990  August  21  12 


17. 

COSATI  CODES  j 

FIELD 

GROUP 

SUBGROUP 

18.  SUBJECT  TERMS  (Continue  on  reverse  if  necessary  and  identify  by  block  number) 

Radar,  Meteorology,  Polarization,  Polarimetry 


- nupuaca  apCLii  I  equ  irementS  Oil 

polarimetric  radar  systems  and  components.  We  begin  with  an  overview  of  the  target 
characteristics.  We  describe  the  measurable  quantities  pertinent  to  each  of  several 
measurement  schemes  and  present  estimates  of  the  accuracy  with  which  these  quantities 
should  be  measured.  We  discuss  the  required  characteristics  of  a  radar  designed  to 
measure  the  specified  quantities.  Our  primary  focus  is  on  measurement  schemes 
employing  orthogonal  basis  vectors.  We  discuss  briefly  the  tolerable  error  levels  of 
schemes  involving  non-orthogonal  basis  vectors. 


Z0  DISTRIBUTION /AVAILABILITY  OF  ABSTRACT 

□  unclassified/unlimited  C?same  as  rpt. 


ZZa  NAME  OF  RESPONSIBLE  INDIVIDUAL 

Jumua  Metcalf 


DO  Form  1473,  JUN  86  i 


Zl.  ABSTRACT  SECURITY  CLASSIFICATION 

□  otic  users  Unclassified 


ZZb  TELEPHONE  (Include  Area  Code)  ZZc  OFFICE  SYMBOL 

(617)  377-4405  I  J  YR 


Previous  editions  are  obsolete. 


SECURITY  CLASSIFICATION  OF  THIS  PAGE 

Jnclassif ied 


3  0 1 


GL-TR-90-0205 


Proceedings  of  1988  Polarimetric  Technology  Workshop 
U.  S.  Army  Missile  Command,  Redstone  Arsenal,  Ala.,  16-18  August  1988 


DESIGN  CONSIDERATIONS  FOR  POLARIMETRIC  RADARS 
TO  MEASURE  BACKSCATTER  FROM  HYDROMETEORS 

Janie s  S.  Ussailis 

Ussailis  Engineering,  24  O'Donnell  Drive,  Florence  MA  01060 

and 

James  T  Metcalf 

Ground  Based  Remote  Sensing  Branch 
Air  Force  Geophysics  Laboratory,  Hanscom  AFB  MA  01731 


ABSTRACT 

The  measurement  of  backscatter  from  hydrometeors  imposes  specific  requirements 
on  polarimetric  radar  systems  and  components.  We  begin  with  an  overview  of  the 
target  characteristics.  We  describe  the  measurable  quantities  pertinent  to  each  of 
several  measurement  schemes  and  present  estimates  of  the  accuracy  with  which  these 
quantities  should  be  measured.  We  discuss  the  required  characteristics  of  a  radar 
designed  to  measure  the  specified  quantities.  Our  primacy  focus  is  on  measurement 
schemes  employing  orthogonal  basis  vectors.  We  discuss  briefly  the  tolerable  error 
levels  of  schemes  involving  non-o rthogonal  basis  vectors. 

1.  INTRODUCTION 

This  paper  is  intended  to  shed  light  on  present  knowledge  of  the  design  and 
construction  of  polarimetric  radars  for  meteorological  applications.  We  discuss  the 
characteristics  of  the  medium,  the  errors  associated  with  the  measurements,  and  the 
required  characteristics  of  the  radars.  We  attempt  to  codify  the  various 
measurement  schemes  in  terms  of  the  measured  quantities,  analytical  procedures,  and 
desired  accuracies.  We  discuss  some  previously  published  results,  such  as  those  of 
McCormick  and  Hendry  [1,  2],  in  terms  of  radar  hardware  requirements.  Thus  the 
present  paper  is  a  collection  of  notes  to  aid  the  designers  and  users  of  these 
systems.  With  the  present  state  of  knowledge,  however,  it  is  not  possible  to  reach 
a  simple  "this  is  how  it's  done”  conclusion. 

2.  TARGET  CHARACTERISTICS 

Meteorological  backscatter  media  comprise  many  small  diverse  scatterers  in 
random  relative  motion  due  to  turbulent  air  motion  and  fall  speed  differences.  For 
meteorological  purposes  one  is  nearly  always  concerned  with  their  characteristics  on 
time  scales  long  enough  to  permit  statistically  meaningful  averages  of  the  measured 
and  derived  quantities  and  short  enough  that  the  particulate  content  of  the  sample 
volume  is  not  significantly  changed.  Many  of  the  details  of  reflectivity 
measurement,  which  are  discussed,  for  example,  by  Battan  [3|,  are  related  to  other 
measurable  quantities.  The  shorter  time  limit  is  frequency  dependent  and  ranges 
from  a  few  hundredths  of  a  second  at  K>-band  to  a  few  tenths  of  a  second  at  S-band. 
The  longer  limit  depends  of  air  motion  and  fall  speeds  and  is  typically  a  few 
seconds.  One  usually  works  near  the  shorter  time  limit  because  of  the  typical  need 
to  scan  a  volume  of  space  rapidly  and  repeatedly. 

The  raindrops,  ice  crystals,  snowflakes,  and  hailstones,  collectively  referred 
to  as  hydrometeors,  can  often  be  approximated  by  a  collection  of  spheroids  having  a 
distribution  of  shapes  and  a  distribution  of  orientations  about  some  mean 
orientation  angle.  Rain,  for  example,  is  a  highly  oriented  medium,  as  the  oblate 
spheroidal  drops  tend  to  be  aligned  with  their  symmetry  axes  vertical,  with  a 


Table  1.  Parameters  used  in  polarimetric  error  analysis. 


Antenna  parameters 

G1(«(i,x)»  Copolarized  amplitude  antenna  pattern  of  polarizations  1  and  2,  measured  in 

the  angular  coordinate  system  defined  by  ^  and  X- 

♦it'i'iX),  ^('k.X)  Copolarized  phase  antenna  pattern  of  polarizations  1  and  2,  measured  in  the 

angular  coordinate  system  defined  by  *  and  X- 

&l}  Copolarized  overall  antenna  pattern  inequality  factor. 

D  Diameter  of  main  reflector 

f  Focal  length  of  main  reflector 

System  parameters 


a  Apparent  canting  angle  of  hydrometeors. 

e  Complex-valued  one-way  polarization  error  (isolation)  term  representing  the 

leakage  of  copolarized  energy  into  cross-polarized  radiation  (or  reception). 
Varies  over  the  antenna  pattern;  may  be  a  function  of  the  antenna  pointing 
angle  or  of  the  target. 

e  The  mean  value  of  e.  See  f,  below. 

p  Equivalent  fraction  of  scatterers  having  a  common  orientation. 

4>iJ  Receiver  or  system  interchannel  phase  angle. 

f  Complex-valued  overall  one-way  polarization  error  (isolation)  term. 

Represents  the  entire  system,  whereas  e  may  represent  error  quantities 
associated  with  particular  components, 

i  Term  representing  the  fraction  of  copolarized  energy  that  is  radiated. 

Defined  by  conservation  of  energy,  i  +|e|  -1,  if  absorptive  (ohmic)  losses 
are  ignored. 

Rj ,  R2  Output  signal  level  from  receiver  channels  1  and  2. 

R"  Output  signal  level  from  receiver  channel  1  configured  for  horizontal 

polarization. 

ICPRj^  ,  ICPR2  One-way  and  two-way  integrated  cross-polarization  ratio.  An  antenna  or  radar 

performance  parameter  independent  of  polarization  basis  vector.  ICPR, 
defined  as  ratio  of  total  cross-polarized  (unwanted)  energy  to  total 
copolarized  (desired)  energy  radiated  by  the  antenna  (integrated  over  4n 
steradians).  ICPRj  is  measured  on  an  antenna  range,  whereas  ICPR2 ,  which  is 
6  dB  "worse,"  must  be  used  to  characterize  monostatic  radar  performance. 

ICR  Integrated  cancellation  ratio.  Defined  similarly  to  ICPR,  but  for  circular 

polarization  only. 


Table  2.  Radar  performance  specifications  for  measurement  of 
differential  reflectivity  and  circular  depolarization  ratio. 


Parameter  Diffl.  Reflectivity  Circ.  Depol.  Ratio 


icpRj  or  icr1 

-26  dB 

-40  dB 

Isolation 

-20  dB 

undefined 

Amplitude  tracking 

not  applicable 

1.0  dB 

Phase  tracking 

undefined 

<1.0° 

Pulse-to- pulse 
amplitude  error 

<0.2  dB 

undefined 
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Figure  1.  Measurable  quantities  and  error  quantities  pertaining  to  elliptical 
polarization  backscatter. 


4.  POLAR I METRIC  METEOROLOGICAL  RADAR  SYSTEMS 

4.1.  LINEAR  POLARIZATION 

In  the  majority  of  systems  using  linear  basis  vectors  the  transmitted  signal  is 
switched  between  horizontal  and  vertical  polarization  on  successive  pulses,  and  only 
the  co-polarized  backscattered  signal  is  received.  The  cross-polarized  signal  in 
these  systems  is  discarded  into  a  termination  within  the  antenna  polarizer  or 
microwave  switch  assembly.  This  radar  configuration  has  been  discussed  by  Seliga 
and  Mueller  [9]  and  Bringi  and  Hendry  [6].  The  polarimetric  quantity  most  commonly 
obtained  from  such  a  radar  is  the  ratio  of  the  power  received  with  horizontal 
polarization  to  the  power  received  with  vertical  polarization,  known  as  the 
differential  reflectivity  and  denoted  by  zDR  [10],  In  decibel  notation,  this  ratio 
lies  between  -2.5  dB  and  +5.0  dB  for  most  meteorological  media.  Because  the  domain 
is  small,  it  must  be  measured  with  accuracy  of  a  few  tenths  of  a  decibel  for  useful 
interpretation.  Hence  the  required  polarization  switching  must  occur  at  a  time 
scale  much  less  than  the  signal  decorrelation  time.  Although  the  cross-polarized 
signal  is  not  measured,  the  cross-polarization  error  generated  by  the  radar  has  an 
impact  on  the  accuracy  of  the  measurement,  as  will  be  discussed  below. 

An  important  subcategory  of  linear  polarization  radars  comprises  those  with 
dual  receiver  channels.  If  operated  without  a  fast  switch,  these  yield  the  linear 
depolarization  ratio  ( LDR )  and  the  relative  phase  of  the  two  received  signals.  With 
a  fast  switch,  these  yield  the  complete  linear  polarization  scattering  matrix. 

4.2.  CIRCULAR  POLARIZATION 

Meteorological  radar  systems  that  employ  circular  polarization  basis  vectors 
receive  both  the  copolarized  and  cross-polarized  backscattered  signals.  The  power 
or  amplitude  in  euuh  channel  ^.nd  the  phase  oifierer.cc  between  the  two  rijnals  aie 
essential  to  determine  hydrometeor  characteristics.  Transmission  typically  occurs 
on  only  one  polarization.  While  burst-to-burst  transmitted  polarization  switching 
may  be  possible,  it  is  usually  not  performed.  McCormick  and  Hendry  (2)  provided  a 
useful  discussion  of  the  technique.  The  circular  polarized  system  can  also  be 


operated  with  a  fast  switch  to  measure  the  entire  scattering  matrix,  but  usually 
this  is  not  the  case. 

The  dominant  measurement  of  the  circular  polarized  radar  is  the  ratio  of  the 
power  received  in  the  channel  of  transmission  to  the  power  received  in  the 
orthogonal  channel.  This  quantity,  known  as  the  circular  depolarization  ratio  (CDR) 
is  the  inverse  of  the  "cancellation  ratio,"  which  refers  to  the  suppression  of  rain 
"clutter"  in  surveillance  and  tracking  radars.  There  is  insufficient  space  in  this 
paper  to  discuss  the  many  other  parameters  which  are  directly  measured  or  determined 
from  the  data  provided  by  the  CDR  radar.  More  detailed  discussion  is  provided  by 
Bringi  and  Hendry  [6],  Because  hydrometeors  are  usually  spheroidal  to  a  good 
approximation,  the  energy  returned  to  the  channel  of  transmission  can  be  small;  CDR 
varies  typically  between  -15  dB  and  -40  dB . 

4.3.  AGILE  POLARIZATION 

A  unique  radar  that  combines  all  the  capabilities  of  the  aforementioned  systems 
was  constructed  by  Enterprise  Electronics  Corp.  of  Enterprise,  Ala.,  for  Deutsche 
Forschungs-  und  Versuchsanstalt  fur  Luft-  und  Raumfahrt  ( DFVLR )  in  West  Germany 
[11].  With  a  combined  fast  switch  and  polarizer  assembly,  it  can  measure  the 
backscatter  matrix  with  either  linear  or  circular  polarization.  In  addition,  this 
radar  has  the  unique  capability  to  measure  optimal  polarization  vectors  by  varing 
the  transmitted  polarization  vector  over  64  states  and  receiving  both  the 
transmitted  and  orthogonal  polarization  states. 

5.  ACCURACY  REQUIREMENTS 

Some  of  the  system  accuracy  requirements  of  the  ZDR  and  CDR  radars  have  been 
understood  or  presumed  to  be  understood  for  the  past  few  years.  These  requirements, 
shown  in  Table  2,  are  not  rigid  specifications,  but  are  engineering  goals.  The 
demands  on  the  engineer  are  that  the  phase  and  amplitude  resolution  of  the  channels, 
the  isolation  between  channels,  the  tracking  within  and  between  the  channels,  and 
the  induced  error  levels  of  the  radome,  antenna,  receiver,  and  microwave  package  be 
as  nearly  perfect  as  possible.  As  each  of  these  items  is  improved,  the  data 
acquisition  capabilities  of  the  system  is  improved. 

We  should  note  that  as  the  imperfections  of  the  system  are  reduced,  the  radar 
becomes  increasingly  more  useful  in  discriminating  between  the  various  types  of 
precipitation.  A  radar  with  moderate  performance  characteristics  is  useful  for  some 
tasks,  but  it  will  not  provide  all  the  data  that  a  high  performance  system  can.  For 
example,  if  the  integrated  cancellation  ratio  of  the  circularly  polarized  radar  is 
on  the  order  of  25  dB,  differentation  between  hail  and  rain  would  be  possible,  while 
di f fe rentation  between  light  rain  and  drizzle  would  not.  For  the  latter  purpose,  an 
ICR  of  about  40  dB  is  required.  At  present  there  is  no  known  set  of  performance 
parameters  beyond  which  further  system  improvement  provides  no  additional  data. 


6.  COMMENTS  ON  POLARIMETRIC  ERROR  ANALYSIS 

Unfortunately,  a  discussion  of  the  design  considerations  of  a  polarization 
diversity  radar  must  include  a  section  on  error  analysis  before  describing  the 
design  mechanics  unique  to  the  radar.  Much  of  the  error  analysis  work,  expressed  in 
terms  of  multiply  subscripted  Greek  letters,  appears  to  have  come  from  a  mystical 
fraternal  organization.  Be  assured  that  this  is  not  the  case.  The  published  error 
analyses  [2,  7,  8]  are  sincere  attempts  to  define  the  domains  and  accuracies  of 
measurable  quantities  and  to  relate  these  to  affordable  radar  components  and 
systems . 

Two  approaches  of  error  analyses  can  be  taken:  (1)  the  basic  approach  wherein 
each  radar  element,  i.e.,  microwave  package,  antenna,  etc.,  is  taken  as  a 
stand-alone  entity  with  its  limited  set  of  errors  or  uncertainties  and  (2)  a  global 
approach  wherein  the  radar,  as  a  whole,  is  considered  with  each  individual  element 
contributing  to  an  entire  set  of  errors  and  uncertainties.  While  the  former  can 
lead  to  the  reduction  of  error  magnitudes  and  improvement  of  the  overall  measurement 
accuracy,  the  latter  considers  component  interaction.  Because  of  the  extreme 
accuracy  demanded  of  a  polarimetric  meteorological  radar,  only  a  global  or  system 
approach  makes  sense.  We  shall  examine  several  of  the  system  components  with  this 
view  in  mind. 

The  purpose  of  Table  1  is  to  guide  the  engineer  through  terms  and  concepts  that 
may  be  unfamiliar.  Readers  having  some  familiarity  with  the  referenced  papers  may 
skip  the  remainder  of  this  section  and  Table  1. 


6.1.  AMPLITUDE  ANTENNA  PATTERN 

The  term  "amplitude"  refering  to  the  normal  antenna  pattern  in  this  paper  and 
elsewhere  in  the  literature  should  not  be  confused  with  the  parameter  "amplitude" 
used  in  the  field  equations  of  McCormick  (7).  There  the  received  field  equations 
correctly  contain  the  antenna  amplitude  pattern  as  G1/2. 

6.2.  MEAN  VALUE  OF  ERROR  QUANTITIES 

The  mean  value  of  some  error  quantities  might  describe  fundamentally  different 
relations  than  the  point  values  of  these  quantities.  For  example,  0,  an  antenna 
error  term  encompassing  both  the  amplitude  and  phase  patterns  has  an  angular 
dependence  in  the  +  and  x  coordinate  system.  However,  the  mean  value  of  0  describes 
antenna  inequalities  independent  of  target  location  or  distribution  in_the  antenna 
coordinate  system.  One  would  expect,  in  a  well  designed  system,  that  0  would  be 
very  close  to  unity,  but  0  is  not  necessarily  close  to  unity  at  any  antenna 
observation  angle.  McCormick  (personal  communication)  suggested  a  similar  effect 
for  e.  Furthermore,  for  a  well  designed  system,  one  assumes  02 ,  =  1,  and  that  ex 
and  are  separable.  In  this  case  e  becomes  the  global  term,  f,  which  we 
described  in  the  proceedings  of  the  1983  Workshop  on  Polarimetric  Radar  Technology 
(12)  and  which,  if  small,  approximates  the  one-way  ICPR.  These  errors  divide 
naturally  into  those  for  which  is  non-zero  and  those  for  which  the  variance  of  Ej 
is  non-zero.  The  former  are  angularly  independent  and  may  be  reduced  by  means  of 
microwave  trimming  networks  or  in  software,  while  the  latter  are  angularly  dependent 
and  usually  cannot  be  removed  without  a  priori  knowledge  of  the  target.  A  non-zero 
value  of  can  be  a  manifestation  of  antenna  misalignment,  insufficient  feed  phase 
flatness,  subreflector  alignment,  or  surface  errors.  Variation  of  e  ,  on  the  other 
hand,  can  be  caused  by  support  structure  design,  type  and  symmetry  or  feed,  or 
gravi ta t ional 1 y-i nduced  distortion  of  the  main  reflector. 

The  antenna  pattern  inequality  term  02 2  assumes  angular  independence.  However, 
this  may  be  only  true  for  high  elevation  angle  observations.  For  observations  close 
to  the  horizon,  the  elevation  amplitude  and  phase  antenna  patterns  can  be 
signif icently  distorted  by  ground  reflections.  Here  only  _in  situ  measurements  can 
determine  the  antenna  patterns.  A  well  designed  system  may  have  some  observation 
directon  for  which  the  affect  of  reflections  is  maximized  and  for  which  only  a 
reduced  polarization  isolation  is  attainable. 

7.  SOURCES  OF  POLARIMETRIC  ERROR 

The  significant  sources  of  error  are  located  in  the  receiver,  microwave 
package,  and  antenna.  The  transmitter  can  contribute  unwanted  cross-polarized 
radiation  by  virtue  of  a  mismatch  at  the  transmitter-polarizer  interface.  The 
degree  of  this  mismatch  and  severity  of  cross-polarization  can  be  determined  from 
VSWR  measurements.  We  offer  further  comments  on  this  relationship  below. 

Three  fundamental  quantities  exist  which  contribute  to  polarimetric  error: 
isolation,  amplitude  tracking  and  phase  tracking.  Each  of  these  is  directly 
related,  by  means  of  the  error  parameters,  to  the  geometry  of  the  measurement,  the 
target,  and  the  radar  components.  These  quantities  are  also  interrelated;  for 
example,  a  greater  amount  of  polarization  isolation  than  initially  anticipated  may 
be  required  for  detailed  observations  of  a  particular  target  because  of  the  off-axis 
cross-polarization  induced  by  an  adjacent  highly  depolarized  target.  This  effect 
may  be  further  aggravated  if  the  cross-polarized  sidelobe  level  of  the  antenna 
pattern  exceeds  the  copolarized  level  at  specific  angular  displacements  from 
boresight.  The  designer's  initial  perception  is  that  only  the  antenna  system  errors 
generated  within  the  antenna  components  ought  to  be  considered.  However, 
consideration  of  the  geometry  of  the  measurement  must  also  be  included. 

While  an  understanding  of  the  error  due  to  measurement  geometry  is  relatively 
Straightforward,  the  understanding  of  target-induced  error  is  subtle.  This  error 
can  be  described  as  a  coupling  of  two  error  parameters  by  the  target.  For  example, 
Metcalf  and  Ussailis  [8]  discussed  the  effect  of  mean  apparent  canting  angle  on  the 
relationship  of  one-way  ICPR  to  the  error  of  differential  reflectivity.  Note  that 
the  canting  angle  is  not  measurable  with  a  "differential  reflectivity"  radar. 

Further  calculations  of  target-induced  error  have  yet  to  be  presented. 

Errors  induced  by  components  include  those  due  to  the  antenna,  microwave 
package,  receiver,  and  digital  signal  quantization.  Some  sources  of 
component-induced  error  and  associated  effects  are  presented  in  Table  3.  The 
remainder  of  this  section  will  be  devoted  to  those  component  details  that  are 
specific  to  polarization  diversity  radars. 
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Table  3.  Some  sources  of  error  and  associated  effects. 


Source  of  error 


Effect 


Radome 


Cover  material 


Spars 


Slight  signal  absorption;  reflection  of  energy  into  antenna  and 
polarizer. 

As  above,  plus  increased  copolarized  and  cross-polarized 
side lobes. 


Antenna 

Subreflector 

Spars 

Subreflector  and  main 
reflector  surface 
irregularities 

Small  f/D  ratio 


Location  and  number 
of  spars 

Deviation  from  Huygens 
source  feed 


Increased  copolarized  sidelobes  due  to  aperture  blockage. 
Increased  cross-polarized  sidelobes. 

i.icreased  copolarized  and  cross-polarized  sidelobes;  increased 
on-axis  cross-polarization. 


Increased  linear  cross-polarization  in  axisymmetric  systems 
without  a  Huygens  source  feed. 

Reduced  cross-polarization  for  even  number  of  spars  and 
attachment  near  rim  of  main  reflector. 

Increased  linear  cross-polarization  due  to  unequal  TE1  and  TMt 
modes  launched  from  feed. 


Lack  of  circular 
symmetry  of  feed 


Misalignment  of 
antenna  components 

Microwave  package 

Mismatch  between  polarizer 
and  feed  or  between 
polarizer  and  RF  switch 

Waveguide  between 
polarizer  and  feed 


Cross-polarization  due  to  unequal  TE  and  TM,  l  modes.  Circular 
symmetry  necessary  to  launch  equal  TEj ;  and  Tt^  1  modes  in  all 
planes. 

Increased  copolarized  and  cross-polarized  sidelobes;  decreased 
depth  of  nulls;  decreased  overall  gain;  increased  beamwidth. 


Overall  cross-polarization  level  proportional  to  return  loss  of 
mi  smatch. 


Phase  error  may  be  introduced  when  ambient  temperature  changes. 


Phase  shifter  tracking  errors  Decreased  polarization  isolation;  interchannel  amplitude  and 
in  RF  switch  or  temperature  phase  mistracking. 
change  in  RF  switch 


Interchannel  phase  mistracking  Isolation  becomes  dependent  on  microwave  frequency  and  on 
correction  greater  than  2n  bandwidth  occupied  by  transmitted  pulse. 

Receiver 


Interchannel  phase  mistracking  Phase  tracking,  and  perhaps  amplitude  tracking,  become  frequency 
correction  greater  than  2n  dependent. 

Insufficient  interchannel  Decreased  polarization  isolation, 

local  oscillator  isolation 
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7.1.  RADOME 


The  radome  will  influence  the  antenna  amplitude  and  phase  pattern.  Gupta  and 
Claydon  i 1 1  ]  have  published  some  theoretical  analysis  on  the  phase  and  amplitude 
distortions  introduced  by  space  frame  radomes.  Their  measurement  results,  however, 
are  suspect  due  to  the  influence  of  a  fiberglass  supporting  structure  employed  in 
the  measurement.  There  is  no  microwave  transparent  material  that  will  not  distort 
these  measurements.  More  effort  is  required  to  develop  a  theoretical  understanding 
of  the  distortion  introduced  by  the  radome  on  the  phase  and  amplitude  antenna 
pattern . 

7.2.  ANTENNA 

7.2.1.  Cross-polarization  and  Sidelobes 

The  cross-polariza-' .on  contribution  of  the  antenna  have  been  discussed  at 
length  in  the  past  [6,  141.  Key  points  of  these  discussions  are: 

(1)  Cross-polari2ation  is  not  a  function  of  the  antenna  f/D,  as  such,  but  is 
related  to  the  manner  in  which  the  feed  is  viewed,  off-axis,  by  the  reflector.  In 
the  case  of  a  linear  feed,  i.e.,  a  dipole,  increasing  the  reflector  f/D  reduces  the 
cross-polarized  energy  that  is  seen  by  the  reflector. 

(2)  Cross-polarization  induced  by  the  feed  in  either  linearly  or  circularly 
polarized  systems  can  be  theoretically  eliminated  by  the  use  of  a  Huygens  source 
feed.  This  type  of  feed  represents  a  class  of  circular  antennas  that  radiate  the 

HE  or  hybrid  mode.  Potter  horns  and  corrugated  horns  are  typical  examples  of  such 
a  feed. 

(3)  For  an  axisymmetric  reflector  antenna  a  symmetric  quadrapod  feed  support 
structure  or  subreflector  support  structure  that  is  attached  near  the  rim  of  the 
reflector,  where  the  reflector  illumination  is  reduced,  is  essential  to  decrease  the 
radiation  of  residual  cross-polarization  induced  by  the  feed  and  spars.  A  recent 
discussion  of  this  subject  is  that  of  Kildal  etal.  [15).  For  circular  polarization 
the  absolute  magnitude  of  the  cross-polarized  sidelobe  levels,  when  all  the 
aforementioned  attributes  are  employed  is  approximately  8  dBi,  independent  o£ 
reflector  diameter  (16). 

(4)  An  offset  reflector  antenna  can  be  designed  to  signi f icently  reduce  copolar 
sidelobes  by  eliminating  blockage  and  to  reduce  cross-polar  sidelobes  by  employing  a 
double  off-set  conf iguration  [17J.  Unfortunally  an  offset  reflector  antenna  can 
cost  considerably  more  than  an  axisymmetric  antenna. 

7.2.2.  Copolarized  and  Cross-polarized  Antenna  Pattern 

According  to  Ludwig  [18],  three  coordinate  systems  are  commonly  utilized  to 
measure  the  copolarized  and  cross-polarized  antenna  patterns.  For  polarimetric 
meteorological  radar  antennas,  only  the  so  called  "third  definition  of  Ludwig"  is 
applicable.  The  use  of  elevation-over-azimuth  antenna  pattern  recording  equipment 
provides  antenna  patterns  which  correspond  to  this  definition.  With  the  commonly 
employed  coordinate  systems,  azimuth-over-elevation  equipment  can  couple  copolarized 
source  energy  into  the  cross-polarized  pattern  of  the  antenna  under  test. 

7.2.3.  Antenna  Phase  Pattern 

The  antenna  phase  pattern  is  not  usually  measured  and  is  not  discussed  at 
length  in  the  literature.  Deviations  from  a  flat  phase  pattern  can  be  caused  by 
displacement  of  the  feed  phase  centec  from  the  focal  point,  deviations  of  the  main 
reflector  or  subreflector  surfaces  from  their  required  shape,  random  errors  of  the 
refelector  surfaces  and  departure  of  the  feed  wavefront  from  a  spherical  shape  (19). 
Obviously,  two  phase  distributions  can  exist:  a  uniform  phase  error  between 
polarizations  for  the  antenna  as  a  whole  or  a  distribution  of  phase  fluctuations 
within  the  aperture. 

7.2.4.  Surface  Roughness 

Another  source  of  error  affecting  the  cross-polarized  level  is  surface 
imperfections.  The  antenna  is  considered  to  contain  a  few  large  correlated  areas; 
the  RMS  values  or  peak  values  of  the  surface  error  within  the  correlated  area  are 
analyzed  to  determine  the  anticipated  cross-polarized  levels.  A  correlated  area  may 
be  considered  to  be  the  area  of  one  of  the  refelector  panels.  Although 
cross-polarization  induced  by  surface  roughness  has  just  begun  to  be  understood  in 


the  theoretical  context,  it  appears  that  a  reasonable  maximum  surface  roughness 
value  for  an  S-band  (10-cm)  linear  polarization  diversity  radar  is  1.3  mm  (0.050 
inch)  RMS,  which  is  an  achievable  value. 

7.3.  MICROWAVE  PACKAGE 

While  the  isolation  ratio,  absolute  magnitude,  and  intrachannel  phase  can  all 
be  affected  by  the  microwave  package  tolerances,  polarimetric  isolation  is  the  only 
quantity  that  is  difficult  to  improve.  Amplitude  and  phase  tracking  errors  in 
dual-channel  systems  will,  after  a  suitable  warm-up,  be  slowly  varying  functions  of 
ambient  temperature  and  system  aging  and  can  therefore  be  conveniently  trimmed  prior 
to  observation  and  during  maintenance  periods.  In  single-channel  systems,  amplitude 
measurement  errors  can  be  mitigated  in  software.  The  degree  of  polarization 
isolation,  however,  is  subject  to  phase  imbalance,  amplitude  imbalance,  and 
component  isolation  internal  to  the  polarizer,  the  high  speed  RF  switch,  or  both. 

7.3.1.  Polarizer 

Although  single-channel  systems  do  not  ulitize  the  cross-polarized  component  of 
the  electcic  field,  with  the  possible  exception  of  the  Chilbolton  radar  in  the 
United  Kingdom,  they  all  generate  cross-polarization  within  their  polarizers.  This 
component  is  radiated  and  received  into  a  termination.  We  have  shown  that  this 
cross-polarization  can  have  a  significant  effect  on  the  accuracy  of  the  measurement 
of  discrete  targets  [12]  and  meteorological  targets  [8]. 

Fortunately,  this  type  of  polarizer  can  be  mathematically  analysed  as  a 
short-slot  hybrid  coupler.  Riblet  [20]  performed  the  definitive  analysis  on  the 
coupler.  He  showed  that  the  intrachannel  isolation  as  well  as  amplitude  imbalance 
and  phase  imbalance  through  a  hybrid  coupler  are  totally  functions  of  the  reflected 
energy  as  seen  by  each  port  of  the  coupler.  The  reflected  energy  is  measured  as 
"reflection  coefficient"  or  as  the  "return  loss"  at  each  of  the  microwave  junctions 
attached  to  the  coupler  ports.  These  parameters  are  related  to  the  voltage  standing 
wave  ratio  (VSWR)  through  a  simple  equation  (see  Section  7.3.4  below).  Hence,  a 
one-to-one  correspondence  exists  between  the  coupler  parameters  and  the  VSWR  on  each 
arm  of  the  coupler.  In  the  case  of  circular  polarization  the  reflections  created  at 
the  antenna  ports  re-enter  the  polarizer  and  are  reflected  ar.  ports  internal  to  the 
microwave  package.  This  retransmitted  energy  undergoes  a  90"  phase  shift  within  the 
polarizer  and  exits  the  antenna  as  unwanted  cross-polarization.  In  the  case  of 
linear  polarization,  the  reflected  signal  may  be  transmitted  as  an  unwanted 
cross-polarization  or  may  be  reradiated  with  a  180°  polarimetric  phase  change  and 
appear  as  copolarization. 

7.3.2.  Microwave  Switch 

With  one  exception,  every  high-power  RF  switch  design  presently  utilized  in 
polarization  diversity  radars  either  is  an  integral  assembly  of  a  mechanical  switch 
and  polarizer  or  comprises  a  separate  polarizer  and  an  electronic  switch  assembly. 
The  latter  contains  two  or  more  electrically  driven  ferrite  phase  shifters  within  a 
microwave  circuit  to  provide  the  switched  paths.  Although  there  are  two  notable 
exceptions,  the  mechanical  designs  are  generally  implemented  on  two-channel  systems 
that  do  not  require  pulse-to-pulse  switching  speed. 

The  disadvantage  of  the  ferrite  switch  is  its  high  cost  and  the  change  in  its 
characteristics  as  a  function  of  pulse  duration,  peak  power  level,  average  power 
level,  and  temperature.  Of  the  two  significent  ferrite  phase  shifter  designs,  the 
rotary  type  manufactured  by  Microwave  Applications  Group,  Santa  Maria,  Calif.,  has 
phase  and  amplitude  deviation  characteristics  that  are  easy  to  control  and  can 
operate  at  relatively  high  duty  cycle  levels,  but  can  withstand  only  a  modest  peak 
power  level.  The  slab-type  phase  shifter  manufactured  by  Raytheon  Co.,  Northboro, 
Mass.,  and  Electromagnetic  Sciences,  Inc.,  Norcross,  Ga . ,  has  phase  and  amplitude 
characteristics  that  are  more  difficult  to  control;  it  can  withstand  much  higher 
peak  power  levels  but  at  the  cost  of  a  lower  duty  cycle.  Because  of  the  peak  power 
requirement  only  the  slab  ferrite  phase  shifter  has  been  employed  in  meteorological 
radar  applications. 

A  schematic  of  the  ferrite  switch,  also  known  as  a  four-port  switchable 
circulator,  is  given  in  Figure  2.  Because  of  the  power  level  and  isolation 
requirements  demanded  of  the  switch,  the  device  is  not  only  non-reciprocal,  it  is 
not  anti-reciporal .  Assume  that  the  switch  is  set  in  the  forward  state  so  that  the 
transmitted  energy  entering  Port  1  will  be  completely  sent  to  Port  3,  and  the  energy 
exiting  through  Port  4  is  negligible.  The  sign  of  phase  shift  depends  upon  the 
direction  of  signal  flow.  If  the  requirements  of  the  switch  were  those  of  a 
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Figure  2.  Four-port  switchable  circulator.  Phase  shifts  shown  correspond  to 
input  at  Port  1  and  output  at  Port  4.  Signs  of  phase  shifts  are  reversed  when 
device  is  switched. 


transmit-receive  circulator,  an  .i-reciprocity  would  allow  the  received  radar  pulse 
entering  Port  3  to  exit  through  Port  2,  while  the  received  radar  pulse  entering  from 
the  orthogonal  polarization  would  exit  through  Port  1.  There  would  be  insignificant 
coupling  between  the  ports  attached  to  the  receiver.  However,  under  actual 
operating  conditions  the  phase  shifters  do  allow  this  to  occur  with  a  high  degree  of 
isolation.  The  amount  of  phase  shift  is  not  only  a  function  of  average  power 
through  the  device,  but  is  also  slightly  altered  by  the  duration  and  amplitude  of 
the  peak  power  pulse.  The  switch  designer  attempts  to  ameliorate  this  situation  by 
setting  the  phase  shifter  so  that  the  optimum  phase  shift  occurs  midway  through  the 
pulse.  During  recepton,  however,  the  phase  shift  is  not  further  altered.  Hence 
this  switch  must  be  reset  just  prior  to  transmission  and  just  prior  to  reception. 

In  some  instances  the  reset  time  may  preclude  short-range  observation. 

An  interesting  exception  to  the  ferrite  switch  is  a  diode  switch  known  as  a 
"bulk  effect  microwave  window  [21]."  About  20  dB  isolation  with  100  kw  peak  power 
and  0.001  duty  cycle  has  been  demonstrated  at  X-band.  This  device,  employed  in  a 
bifurcated  waveguide,  as  discussed  in  the  reference,  could  be  scaled  to  S-band  to 
provide  a  switch  that  would  not  require  resetting  prior  to  reception.  The 
disadvantage  of  the  device  is  its  short  available  "on”  time  of  10  //sec.  However, 
this  time  exceeds  the  usual  1  //sec  pulse  time  of  a  non-chirp  radar.  Another  form  of 
diode  switch  was  constructed  by  Atlantic  Microwave,  Inc.,  of  Bolton,  Mass.,  for  the 
X-band  radar  at  New  Mexico  Institute  of  Mining  and  Technology  in  Socoiro,  N.  M. 

Thece  the  "transfer  switch"  resembles  a  balanced  duplexer  with  the  transmit/receive 
tubes  replaced  by  two  phase  shifter  assemblies.  A  PIN  diode  switches  a  phase 
inverter  into  or  out  of  one  arm  of  the  microwave  circuit,  shifting  the  signal  from 
one  output  port  to  the  other. 

7.3.3.  Receiver 

While  polarimetric  isolation  is  relatively  easy  to  improve  in  the  receiver, 
many  sources  of  ampiltude  and  phase  mistracking  can  exist.  Some  of  these,  which  are 
independent  of  signal  dynamics,  can  be  corrected  by  proper  placement  and  adjustment 
of  phase  and  amplitude  trimming  assemblies.  Other  sources  of  phase  and  amplitude 
mistracking,  which  are  dependent  on  the  intensity  of  the  received  signal,  are 
probably  amenable  to  computer  correction.  A  third  category,  mistracking  that  exists 
over  the  receiver  passband,  can  only  be  corrected  by  careful  selection  of  components 
and  by  close  matching  of  the  overall  phase  delay  through  the  receiver  channels.  The 
significant  contributor  to  this  third  category  is  the  error  introduced  by  the  phase 
variation  over  the  bandwidth  of  the  IF  filter,  also  known  as  group  delay.  In  a 
frequency-modulated  (chirp)  radar,  the  phase  distortion  that  occurs  near  the 
bandpass  edges  of  the  IF  filter  can  impact  the  range  sidelobes.  In  polarimetric 
radar  this  distortion  can  affect  those  calculations  that  utilize  the  phase 
differences  between  the  received  polarizations,  such  as  the  canting  angle.  The 
significance  of  this  distortion  has  not  been  determined,  but  because  of  the 
magnitude  of  the  phase  change  near  the  skirts  of  most  IF  filters,  the  designer  might 
consider  an  alternative  filter  design. 
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The  phase  variation  may  substantially  affect  the  results  if  a  so-called 
"matched"  filcer  is  employed.  The  matched  filter  is  used  in  an  attempt  to  maximize 
the  signal-to-noise  ratio  within  the  receiver  and,  as  such,  the  received  puxie  fills 
the  intermediate  frequency  (IF)  filter,  including  the  areas  of  greatest  phase 
distortion.  The  distortion  can  be  mitigated  if  a  Bessell  function  IF  filter  is 
used,  or  if  a  higher  signal-to-noise  ratio  is  acceptable  and  the  IF  filter  bandwidth 
is  made  substantially  wider  than  that  of  the  transmitted  pulse. 

Reduced  polanmetric  isolation  or  interchannel  signal  coupling  only  occurs  at 
two  locations  within  the  receiver:  at  the  local  oscillator  power  division  network 
and  as  radiation  lie  tween  improperly  shielded  cables.  The  former  can  be  eliminated 
by  reducing  the  VSWR  at  the  ports  of  the  power  divider  and  by  the  inclusion  of  a  few 
low  power  isolators  in  the  network.  Amplifiers  to  increase  the  local  oscillator 
level  are  usually  required  in  a  multichannel  receiver;  they  may  also  provide  some 
additional  isolation.  Radiation  between  components  can  be  almost  eliminated  by 
careful  assembly.  A  thorough  discussion  of  isolation  improvement  and  component 
requirements  to  minimi'  phase  and  amplitude  mistracking  errors  is  given  by  Ussailis 
et  al .  fid]. 

7.3.4.  Reflections 

We  have  stressed  that  polarimetric  isolation  is  strongly  dependent  on  the 
isolation  provided  by  the  radio  frequency  switch  and  the  polarizer  assembly.  The 
dominant  cause  of  isolation  reduction,  other  than  phase  shifter  uncertainty 
discussed  above,  is  from  reflected  energy  that  is  returned  to  these  components  from 
mismatches  and  imperfections  in  the  microwave  package  and  the  antenna.  The  subject 
of  propagation  on  a  transmission  line  and  the  measurement  of  forward  and  reflected 
energy,  whether  as  complex  reflection  coefficient  or  as  VSWR,  is  in  many  cases 
misunderstood.  it  will  be  assumed  here,  that  the  reader  is  moderately  familiar  with 
the  terms  and  the  theory  of  matching  between  two-ports.  An  excellent  survey  of  the 
subject,  written  for  the  “intelligent  layman,"  is  given  by  Maxwell  [22].  This 
survey  also  appeared  in  RCA  Review. 

Consider  a  circuit  of  a  transmitter  attached  to  an  antenna  through  a  typical 
polarizer,  as  shown  in  Figure  3.  We  shall  review  the  effect  of  a  mismatch  between 
these  elements  and  then  add  polarimetric  components.  Standing  waves  on  a 
transmission  line  between  a  transmitter  and  an  antenna  do  not  introduce  additional 
loss  per  so;  in  the  case  of  the  lossless  line,  almost  any  VSWR  on  the  line  that  is 
matchaSTe  is  tolerable.  This  is  not  the  case  when  a  lossy  line  or  other  absorptive 
device  is  introduced  between  a  source  and  its  load.  Then  energy  is  lost  as  the 
transmitted  and  reflected  signals  propagate  on  the  line.  For  reasonably  low  levels 
of  VSWR  this  loss  is  imperceptable ;  generally  a  VSWR  of  1.5:1  or  even  2.0:1  does  not 
have  to  be  further  reduced  for  efficient  rauar  operation.  Reduction  of  VSWR  beyond 
these  levels  is  sometimes  performed  to  maintain  the  proper  operating  characteristics 
of  the  transmitting  tube.  The  attenuation  of  the  transmitted  signal  afforded  by 
these  VSWR  levels  with  total  absorption  of  the  reflected  wave  is  only  0.2  and  0.5  dB 
respectively.  Only  in  the  case  of  the  dual-channel  polarimetric  radar  is  a  VSWR  of 
this  magnitude  significant,  as  it  causes  the  radiation  of  unwanted 
cross-polarization. 

C ross-pola r i zat icn ,  as  a  result  of  a  mismatch  between  the  antenna  and  the 
transmitter,  occurs  because  of  the  polarizer.  Most  polarizers  employed  in 
meteorological  applications  use  a  microwave  device  known  as  a  hybrid  junction,  or  a 
device  which  behaves  as  a  hybrid  junction.  An  example  of  the  latter  is  the 
sloped-septum  polarizer  employed  in  the  AFGL  radar  [14],  The  signal  flow  in  the 
hybrid  junction  is  similar  to  the  signal  flow  of  the  four-port  ferrite  RF  switch 
discussed  above.  Any  reflection  returning  from  the  antenna  to  which  the  device  is 
attached  travels  back  toward  the  transmitter.  In  the  case  of  the  polarizer,  the 
reflection  is  split  so  that  half  of  the  energy  returns  to  the  transmitter  and  the 
other  f.tlf  returns  to  the  other  polarizer  input  port.  Should  a  mismatch  exist  at 
the  second  receiver  port,  an  appropriate  percentage  or  the  energy  is  then  reflected 
back  to  the  antenna.  Unfortunately,  the  second  receiver  port  is  also  the 
transmitter  port  for  the  orthogonal  polarization.  Hence  the  reflected  energy  enters 
the  antenna  as  cross-polarization. 

Recall  that  for  a  differential  reflectivity  radar  the  second  receiver  port  is 
terminated.  However,  any  reflecticns  from  this  termination  due  to  a  slight  mismatch 
in  the  remainder  of  the  microwave  pith  between  the  te'mination  and  the  polarizer 
will  be  radiated  as  cross-polarization. 

Radiation  of  unwanted  cross-polarization  can  be  reduced  by  the  removal  of 
reflections  between  the  polarizer  and  free  space.  Removal  of  reflections  between 
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Figure  3.  Typical  microwave  circuit  used  for  measuring  linear  polarization 
differential  reflectivity. 


the  transmitter  and  the  polarizer  is  also  necessary  because  normally  energy  is 
returned  from  the  antenna  to  the  polarizer.  When  the  VSWR  of  all  polarizer  ports  is 
approximately  equal,  the  tolerable  level  of  the  residual  VSWR  is  given  by 

VSWR  -  ( 1+  |  I  |  )/( 1- | I |  ) ,  ( 2 ) 

where  I  is  the  one-way  isolation.  Note  that  the  parameter  in,  known  in  the 
literature  as  the  "reflection  coefficient,"  is  identical  to  the  one-way  polarization 
isolation.  Conversely,  a  given  VSWR  defines  the  polarization  isolation  of  the 
system. 

Hence,  for  a  -26  dB  one-way  polarization  a  1.1:1  VSWR  is  allowed  between  the 
polarizer  and  its  attached  components.  Since  the  two-way  polarization  isolation  is 
6  dB  less  than  the  one-way  isolation  [12J,  this  VSWR  value  will  provide  an 
observational  isolation  of  -20  dB.  For  a  -40  dB  one-way  polarization  isolation  a 
1.02:1  VSWR  is  required;  this  value  is  extremely  difficult  to  achieve  over  the 
bandwidth  of  the  radar  and  is  very  difficult  to  measure. 

7.3.5.  Polarizer  Matching:  An  Example 

Consider  a  polarizer  installed  between  a  transmitter  and  an  antenna  feed. 
Reflections  of  forward  energy  are  returned  to  the  polarizer  from  every  interface 
including  waveguide  junctions,  bends,  etc.  For  a  single  frequency  of  operation  all 
the  reflections  entering  the  polarizer  from  the  antenna  may  be  canceled  by 
introducing  a  "conjugate  match"  at  the  polarizer.  In  a  conjugate  match,  the  real 
parts  of  the  mismatch  are  forced  into  equality,  the  imaginary  parts  are  forced  into 
the  conjugate  of  each  other  (22).  A  conjugate  match  presents  a  brick  wall  to  the 
returned  energy,  iri  this  case  reflecting  the  energy  back  to  the  antenna  before  it 
enters  the  polarizer. 

Since  the  hardware  between  the  polarizer  and  the  feed  suffers  from  thermal 
expansion,  a  thermally  stable  conjugate  match  may  not  be  fully  achievable  at  a  match 
point  between  the  components.  In  any  event,  the  best  achievable  conjugate  match 
over  a  bandwidth  comparable  to  that  of  the  transmitted  pulse  must  be  installed  and 
adjusted  for  minimum  on-axis  antenna  cross-polarization.  Residual  reflections  of 
the  transmitted  signal  that  are  headed  from  the  internal  polarizer  interfaces  might 
be  absorbed  by  the  transmit-receive  circulator,  provided  that  an  excellent  match  is 
also  achieved  between  the  waveguide,  polarizer,  and  circulator.  A  reasonable 
alternative  to  this  effort  is  to  select  components  for  the  polarizer-transmitter 
interface  that  minimize  the  potential  mismatch  at  that  junction. 
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8.  SUMMARY 


We  have  attempted  to  dissect  the  polarimetric  error  concepts  and  explain  them 
in  terms  of  hardware  performance.  The  pertinent  equations  have  been  discussed  in 
the  references  at  some  length.  However,  the  published  detail  may  not  be  sufficient 
to  determine  all  of  hardware  specifications  in  terms  of  polarimetric  error 
quantities.  For  example,  the  one-way  polarization  term,  f  [12],  was  assumed  to  be 
the  polarimetric  isolation  of  differential  reflectivity  radar  observing  an  ensemble 
of  identical  hydrometeors.  Subsequently  we  determined  that,  for  the  observation  of 
an  ensemble  of  mixed  hydrometeors,  f  is  a  composite  error  term  containing  antenna 
errors  related  to  the  radar  viewing  anqle ,  integrated  cross-polarization  ratio, 
polarizer/switch  isolation,  mistrack  error  between  horizontal  and  vertical 
polarization;,,  etc. 

To  permit  the  description  of  a  meteorological  polarimetric  radar  system  in 
terms  of  specifiable  hardware,  we  recommend  the  following: 

*  The  presently  available  error  analysis  should  be  validated  with  actual  data. 

*  A  complete  mathematical  description  of  polarization  isolation,  amplitude  and 
phase  error  should  be  performed  for  the  case  when  the  reflection  on  each  port  of  the 
pola r i ze r/ swi tch  assembly  is  unequal. 

*  Error  analysis  and  hardware  requirements  of  the  optimal  polarization  radar 
should  be  determined  for  both  descrete  and  meteorological  targets. 

*  Effect  of  a  radome  on  the  antenna  amplitude  and  phase  pattern  should  be 
completed  and  validated. 

*  A  detailed  relationship  between  the  error  analysis  terms  and  hardware 
specifications  should  be  completed. 

We  hope  that  these  comments  will  help  radar  designers  and  users  of  radar  data 
to  understand  better  some  of  the  sources  of  measurement  error. 
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